Introduction
============

Since December 2019, a sudden outbreak of infectious pneumonia (coronavirus disease 2019 \[COVID-19\]) caused by novel coronavirus, SARS-CoV-2, occurred in Wuhan, Hubei Province, China and is quickly spreading national wide and also to other parts of the world.[@hcaa121-B1] As of 4 March 2020, the virus has been found in 59 countries with 80 710 confirmed cases in China, including 3045 fatalities.[@hcaa121-B2] Due to rapid transmission dynamics and multiple transmission ways, COVID-19 has caused panic in the world.

The clinical features of COVID-19 are very similar to that of severe acute respiratory syndrome-like coronavirus (SARS) outbreak in 2003.[@hcaa121-B3]^,^[@hcaa121-B4] In the early phases of the disease, acute respiratory infection symptoms occur. Although in most cases the disease is acute and can be resolved by itself, in severe or critical cases, patients may suffer and even die from acute respiratory distress syndrome (ARDS), acute respiratory failure and other serious complications, mainly due to massive diffuse alveolar damage and early hyaline membrane formation.[@hcaa121-B4]^,^[@hcaa121-B5]

As a predominant and early pathological feature, formed hyaline membranes consist of fibrin matrix incorporating the whole spectrum of serum proteins and cellular debris,[@hcaa121-B6] which forms a barrier to inhibit gas exchange and pulmonary surfactant resulting in ARDS. Moreover, in hyaline membrane disease of premature infants, fibrin deposition in alveoli and alveolar ducts is a crucial factor that may result in death.[@hcaa121-B9]^,^[@hcaa121-B10]

The plasminogen activator (PA) system is a broad-spectrum protease system where the active component, plasmin, is formed from its precursor, plasminogen and is important in degrading main components of the extracellular matrix including fibrin. Plasminogen is classically regarded as inert and excessive, and the regulation of the PA system is by the activators and inhibitors of the system.[@hcaa121-B11] However, we have shown before that plasminogen itself is a key regulator in many pathological processes including fibrinolysis, wound healing and infection.[@hcaa121-B12]

Previous studies have demonstrated different results on whether plasminogen is sufficient in ARDS. Premature infants with hyaline membrane disease and ARDS have been reported to have low levels of circulating plasminogen and PA system,[@hcaa121-B9]^,^[@hcaa121-B16] but increased levels of the PA inhibitor.[@hcaa121-B16] Thus, intravenous supplementation of plasminogen was effective in lowering the occurrence of premature infant ARDS and death.[@hcaa121-B9]^,^[@hcaa121-B17]^,^[@hcaa121-B18] However, other studies later on showed that in the bronchoalveolar lavage of the normal adult patients with ARDS, dramatically increased and sufficient amounts of plasminogen, reduced levels of urokinase-type PA and markedly enhanced levels of PA inhibitor-1 and α2-antiplasmin were found.[@hcaa121-B19]^,^[@hcaa121-B20]

Hence, although hyaline membrane disease in premature infants and COVID-19 pneumonia mainly in normal adults have completely distinct aetiologies, inspired by our previous studies, we hypothesize that additional plasminogen supplementation to these COVID-19 patients may still benefit them. As the first attempt, in this study, we investigated the therapeutic effects of plasminogen by atomization inhalation on COVID-19. The results suggest that using plasminogen by atomization inhalation is an effective and efficient way to combat this rapid epidemic emergency.

Materials and methods
=====================

Patient involvement
-------------------

The 13 study subjects were 30--78 years old females and males diagnosed as COVID-19 with clinically moderate, severe or critical clinical severities, in accordance with the National Health Commission guidelines.[@hcaa121-B21] The clinical study was performed during 10th to 20th of February 2020, as a joint research between Talengen Institute of Life Sciences and Beijing Chang'an Chinese and Western Integrated Medicine Hospital and executed at Xiaogan Hospital and Suixian Hongshan Hospital. Ethics Committee of Beijing Chang'an Chinese and Western Integrated Medicine Hospital approved the study and the study was performed according to the Declaration of Helsinki. Subjects gave their informed consent before included in the study. Written informed consent was waived by the Ethics Committee for emerging infectious diseases.

Administration of plasminogen
-----------------------------

Sterile, freeze-dried plasminogen of 5 mg per vial from human plasma fraction III was produced at facilities with GMP compliance and provided by Talengen Institute of Life Sciences. The safety of the virus inactivation process was confirmed by an independent third party testing organization. Atomization inhalation of 10 mg plasminogen dissolved in 2-ml sterile water was given twice daily for severe and critical COVID-19 subjects, and once daily for moderate COVID-19 subjects. Treatment profile is shown in [Table 1](#hcaa121-T1){ref-type="table"}.

###### 

Treatment profiles of plasminogen for COVID-19 patients

  Patient ID   Gender   Age (years old)   Severity of disease   Inhalation times of plasminogen
  ------------ -------- ----------------- --------------------- ---------------------------------
  1            Male     58                Moderate              2
  2            Male     30                Moderate              2
  3            Female   49                Moderate              2
  4            female   48                Moderate              3
  5            Male     48                Moderate              2
  6            Male     46                Severe                6
  7            Male     78                Severe                6
  8            Male     47                Severe                2
  9            Male     65                Severe                2
  10           Female   56                Severe                4
  11           Male     78                Severe                1
  12           Male     48                Critical              5
  13           Male     47                Critical              2

Computed tomography scan
------------------------

High-resolution computed tomography (CT) scan (NeuViz 16 Classic, Neusoft, China) of the chest was taken at Suixian Hongshan Hospital a few days before the first and after the last administration of plasminogen for the five moderate COVID-19 subjects.

Oxygen saturation and heart rate examination
--------------------------------------------

Real-time oxygen saturation and heart rates were monitored by patient monitor (iPM5, Mindary, China) and the values were documented at 1 h before and few hours after atomization inhalation of plasminogen.

Statistical analysis
--------------------

Statistical analysis was performed on SPSS 16.0 (IBM Corporation). Heart rate of the same severity group before and after administration of plasminogen was analyzed with two-tailed *t*-test, and \**P* \< 0.05 was considered statistically significant.

Results
=======

Plasminogen improves lung lesions of clinically moderate COVID-19 patients
--------------------------------------------------------------------------

To study the effects of plasminogen on lung lesions, high-resolution CT scanning of chest was performed on COVID-19 patients. Before administration of plasminogen, the chest CT images of five moderate COVID-19 patients showed multiple patchy/punctate 'ground-glass' opacities in bilateral lungs with unclear margins and heterogeneous density, and also scattered punctate density in mediastinum ([Figure 1](#hcaa121-F1){ref-type="fig"} and [Table 2](#hcaa121-T2){ref-type="table"}). Despite the five patients received the daily common supportive treatments with antibiotics and traditional Chinese medicine, the density and range of 'ground glass' opacities in lung increased over time, suggesting a rapid deleterious progress of the disease (CT scanning examination record, not shown here). Surprisingly, just after two to three times of plasminogen inhalation, the CT results showed that the numbers, the range and the density of lung lesion-focal in all of the five patients treated have diminished or even partially disappeared. Patchy or punctate 'ground glass' opacities have significantly decreased or absorbed. This indicated that atomization inhalation of plasminogen rapidly improves lung lesions caused by COVID-19 infection.

![High-resolution CT images of moderate COVID-19 patient with individual IDs shown to the left. (**A** column) The chest CT images before plasminogen inhalation. (**B** column) The chest CT image of the corresponding patient after plasminogen inhalation. (**C** column) Additional chest CT image of Patient 5 taken on 5 days after B image was taken. The black arrows and boxes indicate the abnormalities.](hcaa121f1){#hcaa121-F1}

###### 

High-resolution chest CT scanning record in moderate COVID-19 patients

  Patient ID   CT results before the first inhalation of plasminogen                                                                                                                                    CT results after the last inhalation of plasminogen
  ------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------
  1            Multiple patchy/punctate 'ground-glass' opacities in bilateral lungs characterized with unclear margin and heterogeneous density, especially consolidation at lower lobe of right lung   Number and range of lesion focal decreased and partially disappeared
  2            Multiple 'ground-glass' appearance in bilateral lungs characterized with unclear margin and heterogeneous density, left consolidation at lower lobe                                      'Ground-glass' appearance in lower lobes of both lungs, flaky denser area in left lower lobe decreased and partially absorbed
  3            Multiple patchy/punctate 'ground-glass' opacities in bilateral lungs characterized with unclear margin and heterogeneous density, mild consolidation at right lower lobe                 'Cloud dense' area in bilateral lungs, number and area of lesion-focal decreased and almost all absorbed
  4            Multiple 'ground-glass' appearance in bilateral lungs characterized with unclear margin and heterogeneous density, consolidation at lower lobes of bilateral lungs                       Smaller patchy/punctate 'ground-glass' opacities in lower lobes of both lung, mostly absorbed
  5            Multiple 'ground-glass' appearance in bilateral lungs characterized with unclear margin and heterogeneous density, consolidation at right middle and lower lobes                         Patchy/punctate 'ground-glass' opacities significantly decreased in right lower lobes

Plasminogen improves oxygen saturation of clinically severe and critical COVID-19 patients
------------------------------------------------------------------------------------------

We further investigated the effects of plasminogen on oxygen saturation. Throughout the entire plasminogen administration period, the oxygen saturation levels were detected by patient monitors on clinically severe or critical COVID-19 patients with oxygen supplementation by a nasal cannula that delivered oxygen at constant concentrations of at least 80% or 100%, respectively. As shown in [Table 3](#hcaa121-T3){ref-type="table"}, although generally having good oxygen saturation levels, the oxygen saturation values of five out of six severe COVID-19 patients still increased 1--4% after plasminogen administration. Only in one patient, perhaps due to administration of plasminogen for just once, the oxygen saturation value decreased from 91% to 89%. In these two patients with critical conditions, the oxygen levels have significantly increased from 79--82% to 91% just about 1 h after the first inhalation and stabilized at around 91% thereafter (Detailed data not shown here). However, due to the critical conditions of these two patients, they were transferred to intensive care unit, so that the follow-up treatment of plasminogen was interrupted. Nevertheless, these data indicate that plasminogen generally improves the oxygen saturation levels of severe and critically severe COVID-19 patients, especially in these patients that have particularly low oxygen levels.

###### 

Oxygen saturation values of severe and critical COVID-19 patients

  Patient ID   Severity of disease   Oxygen saturation values before the first inhalation of plasminogen (%)   Oxygen saturation values after the last inhalation of plasminogen (%)
  ------------ --------------------- ------------------------------------------------------------------------- -----------------------------------------------------------------------
  6            Severe                93                                                                        97
  7            Severe                95                                                                        96
  8            Severe                93                                                                        95
  9            Severe                93                                                                        96
  10           Severe                91                                                                        95
  11           Severe                91                                                                        89
  12           Critical              79                                                                        91
  13           Critical              82                                                                        91

Plasminogen improves heart rates of COVID-19 patients
-----------------------------------------------------

All of the COVID-19 patients also underwent heart rate examination during the study. The results showed that whereas before inhalation of plasminogen, these patients generally showed higher heart rates. After treatment, in 8 out of 13 COVID-19 patients, the heart rates had slowed down as much as 26 beats per min, 2 increased and 3 no changes. Statistical analysis showed that despite patient samples are sparse, the average heart rates after treatment in general have decreased in all of the three groups and for the moderate group, the statistics reached significance (*P* \< 0.05) (in [Table 4](#hcaa121-T4){ref-type="table"} and [Figure 2](#hcaa121-F2){ref-type="fig"}). These results indicate that plasminogen can generally slow down the high beating rates and alleviate the burden of hearts of COVID-19 patients.

![Heart rates of clinically moderate, severe and critical COVID-19 patients before (●) and after (`■`) inhalation treatment of plasminogen. All values are presented as means ± SD. \**P* \< 0.05.](hcaa121f2){#hcaa121-F2}

###### 

Heart rate of COVID-19 patients

  Patient ID   Severity of disease    Heart rate before the first inhalation of plasminogen (beats per min)   Heart rate after the last inhalation of plasminogen (beats per min)
  ------------ --------------------- ----------------------------------------------------------------------- ---------------------------------------------------------------------
  1            Moderate                                                92                                                                     76
  2            Moderate                                              84-104                                                                   80
  3            Moderate                                                82                                                                     82
  4            Moderate                                                82                                                                     82
  5            Moderate                                                84                                                                     76
  6            Severe                                                  98                                                                     72
  7            Severe                                                  81                                                                     70
  8            Severe                                                  73                                                                     75
  9            Severe                                                  73                                                                    73-75
  10           Severe                                                  79                                                                     78
  11           Severe                                                  71                                                                     72
  12           Critical                                                92                                                                     70
  13           Critical                                                110                                                                    89

Discussion
==========

As of 4 March 2020, COVID-19 epidemic has quickly become a global health-care emergency that affects more than 95 902 people in 59 countries.[@hcaa121-B22] In this study, by atomization inhalation of plasminogen for just a few times, lung lesions and oxygen saturation levels of COVID-19 patients have got significantly improved, suggesting plasminogen may be used as an effective and efficient way to treat the complications of the COVID-19 infection.

Examinations on postmortem biopsies from one patient died from severe infection with SARS-CoV-2 show that the major pathological characteristics of SARS-CoV-2 pneumonia are diffuse alveolar damage with cellular fibromyxoid exudates and hyaline membrane formation.[@hcaa121-B5] It is known that fibrin, the classic substrate for the PA system, is the main component of inflammatory exudation, and fibrin accumulation in the lung is a hallmark of alveolar hyaline membrane formation resulting in acute lung injury and ARDS, which may further lead to pulmonary fibrosis and death.[@hcaa121-B9]

Traditionally, as an inactive pre-enzyme, it is well known and almost a doctrine that plasminogen is excessive, inert and does not have any functional roles due to plasminogen circulates in the blood at a steadily concentration about 0.2 mg/ml.[@hcaa121-B23]

However, we have shown that although plasminogen levels are significantly increased in the wounded area of diabetic mice, systemic supplementation of plasminogen results in an even further local increase and faster wound healing, suggesting that plasminogen itself has active functional roles during wound healing.[@hcaa121-B12] Previous studies showed that adults with ARDS have dramatically increased and sufficient amounts of plasminogen, reduced levels of urokinase-type PA and markedly enhanced levels of PA inhibitor-1 and α2-antiplasmin.[@hcaa121-B19] Therefore, it is reasonable, similar to that during diabetic wound healing, we speculated that addition of plasminogen can also improve the lung lesions in COVID-19 patients, at least by promoting the degradation of alveolar fibrin.

Meanwhile, our CT results precisely demonstrated that administration with plasminogen indeed decreases the 'ground glass' opacity and lesion focal in bilateral lungs of moderate COVID-19 patients. Bilateral lung involvement with 'ground glass' opacity is the most common finding from CT images of the COVID-19 patient chests.[@hcaa121-B24] 'Ground glass' opacity shown on CT image of viral pneumonia typically represents the filling of the alveolar spaces with macrophages, fibrin, hyaline membranes, proliferating and reactive pneumocytes and hemorrhage.[@hcaa121-B25] Interestingly, it is known that the PA system regulates many of the above components found in the filling of the alveolar space. Thus, these findings suggest that supplementation of plasminogen, such as through atomization inhalation, can be an effective way to remove the 'ground glass' opacity, and therefore to restore respiratory function during viral pneumonia in general.

Inflammatory exudation and hyaline membranes form a barrier to gas exchange and inhibit pulmonary surfactant, which is essential for proper pulmonary expansion,[@hcaa121-B26]^,^[@hcaa121-B27] leading to acute respiratory distress and tissue hypoxia. The oxygen saturation results in our study demonstrated that plasminogen does improve hypoxemia of severe and critically severe COVID-19 patients. Of interest, in 1970s, two double-blind randomized clinical studies have indicated that plasminogen improves the clinical conditions and decreases the death rate caused by the hyaline membrane disease, although the studies were performed on premature newborns that were reported to have low circulating plasminogen.[@hcaa121-B9]^,^[@hcaa121-B17] In our study, all of the patients self-described the relief of chest tightness and smoother breathing soon after each administration of plasminogen.

Several studies on hospitalized patients have shown that hypertension, diabetes, cardiovascular diseases are the common comorbidities and lung, kidney, liver and heart are the organs easily affected by the COVID-19 infection.[@hcaa121-B28]^,^[@hcaa121-B29] Earlier studies by us have shown that plasminogen can be used in treating these diseases and diseased organs.[@hcaa121-B30] Thus, together with the regulation mechanism of the PA system, we predict that, intravenous supplementation of plasminogen, with or without inhalation of plasminogen, should have more comprehensive and effective therapeutic effects, although additional cautions need to note, due to the complicated nature of COVID-19 infection.

As it is the first and a quick study with limited resources, therefore, a major drawback of the study is the lack of a proper control untreated group. However, since the conditions of these COVID-19 patients are quickly worsening as described in the results section, and by our clinicians' judgments, it would be difficult for these patients to recover by themselves or by conventional treatment methods during the treatment period. Thus, one could generally regard the conditions before plasminogen treatment are these patients' own controls, so-called single arm study. Above all, the key findings of rapid clinical improvements by just plasminogen inhalation are stunning. This means that plasminogen inhalation is an efficient and effective method to relieve the COVID-19 patients from the hyaline membrane formation and ARDS. As ARDS is the key event that can quickly worsen the COVID-19 lung conditions from flu-like discomfort to multi-organ failures and even death. We speculate that, if this treatment method can be used more extensively at a larger scale, especially to patients with clinical conditions quickly turning from moderate to severe or critical, we might significantly lower the death rate and the severity of this terrible epidemic emergency. Notwithstanding, before the above conclusions can be firmly made, randomized controlled trials and additional examination parameters and methods are needed to determine the efficacy and optimize the safety profile of plasminogen for treatment of patients with SARS-CoV-2 infection, such work is currently being carried on by our team.
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